Escherichia coli mutants lacking exonuclease III (xthA) are exceptionally sensitive to hydrogen peroxide. They are killed by H202 at 20 times the rate of wild-type bacteria and at 3 to 4 times the rate of recA cells. This is the first clear phenotypic sensitivity reported for xth-E. coli and should aid in clarifying peroxide-induced lethality and the in vivo role of exonuclease III.
the bacterial AP endonuclease activity (11, 25) . However, bacteria which lack only this enzyme are not notably sensitive to alkylating agents such as methyl methane sulfonate (11) ; such chemicals greatly increase the number of AP sites in DNA by forming altered bases with unstable glycosylic bonds (12) and by providing targets for DNA N-glycosylases (10) . The distinct AP endonuclease activities remaining in xthA mutants (11) may therefore be sufficient to initiate DNA repair at all of the alkylationinduced base-free sites. Large numbers of AP sites may also be introduced into cellular DNA by genetic manipulation. Thus, mutation of the E. coli dut (deoxyuridine triphosphatase) gene leads to excessive incorporation of deoxyuridine monophosphate residues during DNA replication, with excision of the uracils by uracil-DNA glycosylase to form many apyrimidinic sites (19) . The inviability of dut xth mutants at 37°C suggested the need for a functional exonuclease III in AP site repair in that extreme case (19) . However, dut-i xth+ bacteria also fail to survive above 30°C (21) , so much of the poor growth of dut-i Axth double mutants could be due to the former mutation alone. Homogeneous exonuclease III has three additional enzymatic activities which could function in DNA metabolism or repair (18): a DNA 3'-phosphatase, a 3' --5' exonuclease specific for duplex DNA, and an RNase H. Nonetheless, the lack of these in xthA mutants does not appear to affect replication or most recombination processes (13) . One exception is the 10-fold stimulation in xth-E. coli of recombination between nontandem lacZ genes, although such recombination is affected by many mutations (27) .
While attempting to isolate strains of E. coli with increased sensitivity to hydrogen peroxide, we tested known DNA repair mutants for their survival in the presence of the oxidizing agent. As shown previously (1, 3, 26) , cells bearing mutations in the recA gene were almost 10 time more sensitive to peroxide than rec+ strains (1, 3, 26) . Bacteria lacking a functional exonuclease III were killed by hydrogen peroxide at a rate 20 to 30 times that of wild-type cells. This sensitivity represents the first easily screened phenotype shown to correspond to the xth-genotype and could aid in the elucidation of the biological role of exonuclease III. Conversely, the need for exonuclease III for survival after exposure to oxidizing agents should help reveal which DNA lesions are important in peroxide toxicity.
The bacterial strains used in this study and the relevant genotypes are listed in Table 1 . AR strains were stored on LB agar plates or stabs (14) . The Xth-phenotype was verified by assaying for AP endonuclease activity in crude extracts of the strains (20) (data not shown). Cells to be treated with hydrogen peroxide were grown overnight at 37°C in M9 medium (14) supplemented with 1% glucose, 1% Casamino Acids (Difco Laboratories), and 0.2 pLg of thiamine, 25 FLg of MgSo4 -7H20, and 2 ,ug of CaCl2 per ml (designated K-medium here). Samples were diluted 100-fold into fresh K-medium and grown to mid-log phase (about 108 cells per ml). For the standard H202 challenge, 16 ALI of a freshly prepared 3% solution of hydrogen peroxide (Fisher Scientific Co., 30%o) was added to 3 ml of culture to give a final concentration of 5 mM, and the cultures were shaken at 30°C unless otherwise indicated. To determine sur- (1, 3, 26) . Strikingly, cells bearing mutations in the xthA gene were even more sensitive to killing by peroxide (Table 1 and Fig. 1) . A variety of strains bearing either point mutations in or deletions extending into the xthA gene showed typically less than 10% survival after our standard peroxide challenge. This sensitivity was not due to fortuitous inactivation of the H202-scavenging enzyme catalase in xth mutants. Catalase specific activities (2) in crude cell extracts prepared according to Wickner et al. (23) were 3.1 U/mg for AB1157 and 4.9 U/mg for BW9101, well within the range observed by others (3, 17) . In any case, catalase and superoxide dismutase levels may play a surprisingly small role in the protection of E. coli from killing by hydrogen peroxide (3) . The increased inactivation of xthA cells by H202 was clearly due to the absence of active exonuclease III.
Quantitation of the sensitivities of the various strains to hydrogen peroxide from the data in Table 1 revealed half-lives of 162, 27, and 10 min for AB1157, JC4588, and BW9101, respectively. At 37°C, peroxide was about 10-fold more toxic to all of the strains. As calculated from the exponential portions of the survival curves, the half-life for AB1157 at this temperature was 13 min; for BW9101 it was about 0.6 min (Fig. 1) . Although temperature has an effect on the toxicity of H202, bacteria lacking exonuclease III were the most peroxide-sensitive strains under all conditions.
The results of Carlsson and Carpenter (3) seem to indicate a much greater toxicity of H202 than found by us. The conditions of growth, treatment, and plating used in that study were rather different from those used here and may account for the discrepancy. In particular, their growth medium contained added transition metals such as Fe3+ and Cu2+ (15) , which catalyze H202 breakdown to reactive species (7). Ananthaswamy and Eisenstark (1) similar to the ones that we describe, and they observed similar sensitivities of the recA mutants and of wild-type E. coli to peroxide treatment. Although the nature of the lethal lesion(s) produced by hydrogen peroxide remains unknown, the high sensitivity of xthA mutants suggests some possibilities. One attractive hypothesis is that the free radicals arising from H202 decomposition could directly form nicks or breaks containing 3'-phosphate groups. Ends of this type are generated in vitro by y rays (8) , which produce nicks in DNA qualitatively via many of the same free radical species generated by hydrogen peroxide (16) . Phosphoryl-bearing 3' termini block DNA polymerase and may be amenable only to repair initiated by exonuclease III, which accounts for more than 99% of the 3'-phosphatase activity present in E. coli (13) . Another type of 3'-terminal DNA damage, 3'-glycolic acid esters, is now also thought to be a product of free radical attack (6, 8) , and exonuclease III may be needed to regenerate normal 3'-OH ends from these lesions. Alternatively, hydrogen peroxide in vitro is known to form base damages in DNA which are susceptible to cleavage by E. coli endonuclease III (5). Because endonuclease III-generated 3' termini are inefficiently used by DNA polymerase I, repair synthesis at such incisions may require the prior action of exonuclease III (20) . Or, if endonuclease III acts in vivo solely as a DNA glycosylase (4), the AP endonuclease function of exonuclease III could be essential for repair of the resultant base-free sites. Finally, exonuclease III might have an as yet unrecognized activity which functions in the repair of DNA damaged by oxidation.
The observation of the hydrogen peroxide sensitivity of xthA-bacteria provides the first physiological phenotype reported for these mutants. Further dissection of the action of H202 on DNA may thus help to identify the in vivo function of exonuclease III. Likewise, the characteristic sensitivity of exonuclease III-deficient cells will aid in identifying lethal oxidative lesions and could provide a simple means of selecting and identifying new xth mutants.
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